ε-Poly-L-lysine (ε-PL), produced extracellularly by Streptomyces species. is a homopolyamide of L-lysine with amide linkages between the ε-amino and α-carboxyl groups [21] . ε-PL reportedly inhibits various microorganisms, including bacteria, yeast, fungi, and some viruses [19, 20] . ε-PL is also biodegradable, edible, water soluble, thermally stable, and non-toxic to humans [5, 7] . Hence, this biopolymer is very desirable as a preservative in the food industry. In recent years, the advantages of ε-PL have become outstanding because it is highly safe for humans, particularly because concerns regarding food safety are increasing in interest. Except for its use as an antimicrobial agent, ε-PL has been specifically used as an endotoxin-selective removal additive, a gene and drug carrier, and an anti-obesity agent [17] . Currently, ε-PL is commercially produced via an aerobic fermentation process with a mutant Streptomyces albulus [5] .
To cover the steeply rising demand for ε-PL in various applications, much effort in the past two decades has been focused on the improvement of its production, including the selection of mutants and the optimization of fermentation conditions [3, 6, 11] . Meanwhile, an economical strategy for ε-PL production was developed by Shih et al. [18] using waste from levan fermentation by S. albulus. More recently, cell immobilization and in situ product removal techniques have been used for ε-PL production [12, 24] . However, exploring a novel process is particularly significant for improving ε-PL production because the biosynthetic mechanism of ε-PL is not yet fully understood, thus limiting the construction of ε-PL overproducers via the DNA recombinant technique.
There are two major bottlenecks associated with ε-PL fermentation. One is that ε-PL production depends critically on the cell density [8] , but the favorable pH for ε-PL biosynthesis is around 4, thus limiting cell growth to a high concentration. Another bottleneck is that ε-PL biosynthesis suffers severely from product inhibition because of its high toxicity to microbial cells. The present study focused on increasing the cell density and reducing product inhibition.
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Phone: +86-20-87688132; Fax: +86-20-87688132; E-mail: wuqp203@yahoo.com.cn Cell immobilization is an efficient method for improving cell concentration [4, 16, 23] , and product inhibition can be overcome by in situ product removal [2, 9, 13] . Hence, this study aimed to improve ε-PL production by attempting to combine cell immobilization optimally with in situ adsorption (ISA).
MATERIALS AND METHODS
Materials ε-PL (n = 25 -35), supplied by Zhejiang Silver Elephant Bioengineering Co., Ltd. (China), was used as the standard. Resin D152 was obtained from Tianjin Guangfu Fine Chemicals Research Institute (China). All other chemicals were of analytical grade.
Strain
The ε-PL-producing strain GIM8 was used. It was isolated from forest soil samples following the method by Nishikawa et al. [15] and identified as Streptomyces ahygroscopicus on the basis of cultural, morphological, and physiological characteristics as well as 16S rDNA analysis in a previous study [10] . 
Spore Suspension and Inoculum Preparation
To obtain spores of S. ahygroscopicus GIM8, an ISP3 agar plate [22] was streaked from a slant, and allowed to grow for more than 7 days at 30 o C. To harvest the mature spores, 5 ml of sterile distilled water was added to each well-sporulated agar plate and scraped aseptically with an inoculating loop. The resulting suspension having approximately 5 × 10 8 spores/ml was used as the inoculum for the seed culture. One milliliter of frozen spore suspension was transferred into 50 ml of M3G medium in 250 ml flasks at 1 × 10 7 spores/ml and incubated at 30 o C with shaking at 190 rpm for 20 h as the seed. The pH of the seed culture dropped to approximately 6.4 at this time.
Cultivation Conditions
All cultivations including immobilization and ISA fermentation were performed in 250 ml flasks containing 50 ml of M3G medium and inoculated with 2 ml of the seed culture. The flasks were maintained in a rotary shaker for 96 h at 30 o C and 190 rpm.
Pretreatment of Support Materials
Three solid supports, namely, loofah sponge, synthetic sponge, and sugarcane bagasse collected from the local market, were used. These supports were cut into approximately 1 cm cubic pieces, boiled in water for 30 min, thoroughly rinsed under tap water, and left for 12 h in distilled water with three water exchanges. After soaking, they were dried in a 90 o C oven to a constant weight and autoclaved at 121 o C for 15 min.
Resin Treatment and Preparation D152 resin was converted into hydrogen form before use through repeated treatments in a vessel with 1.0 M NaOH, followed by 1.0 M HCl, thoroughly rinsed with deionized water until neutrality, and kept in distilled water until required.
For preparing the resin used in the immobilized cells fermentation, a total of 3 ml of resin was pipetted onto 300 mesh nylon cloth pieces that were then tied properly; these bags were kept in distilled water. For the free cell fermentation procedures, 2 ml of resin was placed into a 10 ml plastic tube containing distilled water. These bags and tubes were autoclaved at 115 o C for 30 min before adding to the culture.
Selection of Support Material for Cell Immobilization
Immobilization was achieved by the natural attachment method. When the seed culture was inoculated into the production medium, the support material [2% (w/v)] was submerged into flasks. Sterile antifoam (THIX-298; Yantai Thinking Finechem Technology Co., Ltd, China) at 0.1% (w/v) was added to inhibit foaming during cultivation. Then, the cultivation was immediately started. Immobilization was achieved because of the adsorption of the cells onto support materials during cultivation.
ISA Procedures
D152, a suitable adsorbent because of its high adsorption capacity for ε-PL [12] , was used. To avoid its inhibition effect on cell growth, resin was added to flask cultures when the pH of the culture broth decreased from the initial value of 6.8 to 4.0. Afterward, ε-PL began to be synthesized. In brief, dispersed sterilized resin (2 ml) from the tubes was directly added to free cell cultures after 18 h of cultivation. For immobilized cell fermentation, two bags of nylon cloth-enclosed resin (3 ml/bag) were added after 36 h of cultivation. In both cases, the total adsorption capacity of resin added exceeded the amount of ε-PL produced, and no ε-PL molecule remained in the fermentation broth along with fermentation. Flasks without resin were set as controls. The ε-PL concentration was estimated from the equation C = W/V 0 , where W is the amount of ε-PL isolated from the resin and V 0 is the volume of the culture broth.
Performance of Loofah Sponge-Immobilized Cells in Repeated Batch Operations
The reusability of loofah sponge-immobilized cells was examined by the aseptic removal of fermentation medium after initial cultivation with ISA in shaken flasks and replacement with fresh medium for ε-PL production. Each replacement of production medium was designated as a reuse. In initial cultivation and subsequent reuses, the resin bags were added to cultures for ISA of ε-PL when the pH of the culture broth dropped to 4.0. ε-PL bound onto the resins was estimated at three different time intervals (48, 72, and 96 h of fermentation).
Analytical Methods
For the measurement of glucose and ε-PL concentrations in culture broth, the samples were centrifuged for 10 min at 10,000 ×g and the supernates were used. Residual glucose levels were determined using the dinitrosalicylic acid method [14] .
ε-PL was measured by HPLC using a TSK gel ODS-120T column (4.6 mm × 250 mm, 10 µm; Tosho Co., Ltd, Tokyo) [11] . The injection sample was 10 µl, eluted with 0.1% H 3 PO 4 at 0.4 ml/min and monitored at 215 nm. Using 10 µl of ε-PL at 0.2, 1.0, 2.0, 4.0, 6.0, and 8.0 mg/ml in 0.1% H 3 PO 4 as injection samples, the plot of peak area versus ε-PL concentration was obtained as a standard curve (Fig. 1) . The concentration of ε-PL in the culture broth was calculated by comparison with the standard curve. To determine the ε-PL bound onto the resins, ε-PL was eluted with 0.2 M HCl and the pH was adjusted to 7.0 before analysis.
Biomass accumulation was estimated by dry cell weight analysis. Biomass accumulation was determined by harvesting culture samples, filtering and washing them twice with distilled water, and drying them to a constant weight in a 90 o C oven. For the immobilized biomass determination, the harvested carriers from the fermentation broth were rinsed with distilled water and dried to a constant weight. The dry weight of the biomass was calculated by weighing the oven-dried solid support before and after the bacterial growth.
RESULTS AND DISCUSSION

Selection of Support Material for Cell Immobilization
The ε-PL-producing strain is an aerobic microorganism, and the nutrient supply to the cells is particularly important for ε-PL biosynthesis. Hence, the natural attachment method was used to immobilize the Streptomyces ahygroscopicus GIM8 cells. To select the best support material for cell adsorption and cell immobilization, several support materials were tested, including loofah sponge, synthetic sponge, and sugarcane bagasse.
The biomass determined when the pH of the culture broth decreased to 4.0 is shown in Fig. 2 . A maximum biomass of 10.24 ± 0.93 g/l was obtained using loofah sponge as the support material compared with synthetic sponge (5.84 ± 0.83 g/l) and sugarcane bagasse (5.42 ± 0.71 g/l). This biomass was also significantly higher than the concentration achieved in the free cell cultures (6.41 ± 0.44 g/l), suggesting that the immobilization of S. ahygroscopicus GIM8 by loofah sponge is an efficient approach for improving cell density Notably, all cells were attached onto the loofah sponge discs during cultivation. By contrast, except for the immobilized biomass, a considerable amount of biomass remained in the culture broth using synthetic sponge and sugarcane bagasse as support materials.
Loofah sponge-, synthetic sponge-, and sugarcane bagasse-immobilized cells yielded ε-PL concentrations of 0.54 ± 0.07, 0.43 ± 0.07, and 0.42 ± 0.1 g/l, respectively, after 96 h of cultivation. Indeed, immobilization on any of the tested materials did not improve ε-PL production compared with the free cell fermentation at 0.82 ± 0.08 g/l. Hence, immobilization alone cannot promote ε-PL biosynthesis. In previous studies, immobilization improved α-galactosidase and neomycin production significantly from Streptomyces strains [1, 23] . The different effects of immobilization on production may be due to the requirements of high oxygen and nutrient for ε-PL biosynthesis, whereas immobilization limits the diffusion of dissolved oxygen and nutrients to cells, Therefore, decreased ε-PL production is somewhat logical. Fig. 2 also indicates that immobilization decreased glucose consumption, which coincided with decreased ε-PL production.
The above experimental data signified that loofah sponge was superior to synthetic sponge and sugarcane bagasse in terms of cell retention, biomass, and ε-PL production. Most importantly, immobilization by loofah sponge significantly increased the cell density. Hence, loofah sponge was chosen in subsequent experiments.
Synergistic Effect of Immobilization and ISA on ε-PL Production
In our previous study, ISA fermentation significantly increased ε-PL production [12] . To improve the production Fig. 1 . Standard curve of ε-PL. Fig. 2 . Effects of the immobilization of S. ahygroscopicus GIM8 on loofah sponge, synthetic sponge, and sugarcane bagasse on biomass formation, ε-PL production, and residual glucose.
level further, cell immobilization and ISA were combined to produce ε-PL. Fig. 3 shows the successful combination process. Time profiles of ε-PL production with free and immobilized cells with and without ISA are shown in Fig. 4 . Fig. 4A shows that the pH of the culture broth decreased from its initial value of 6.8 to 4.0 in free cell cultures after 18 h of cultivation, and in the loofah sponge-immobilized cell cultures after 36 h. Afterwards, the cells began to synthesize ε-PL. In the production phase, the decline in pH continued for all cultures. The decrease in pH during cultivation may have resulted from the consumption of glucose. The rate of pH reduction in the immobilized cell cultures was lower than that in the free cell cultures. Therefore, the primary metabolism of the cells was affected by immobilization.
The kinetics of cell concentrations in free and immobilized cell cultures with or without ISA are presented in Fig. 4B . After inoculation, the free cells exhibited higher growth rate compared with the loofah sponge-immobilized cells. However, the cell concentration of the latter was significantly higher than that concentration achieved in the free cell suspension because of the prolonged but slower growth in the immobilized system. In the production phase, a continuous decline in biomass was observed in the free cell cultures with and without ISA, probably due to the extremely low pH and subsequent cell death, whereas the biomass in the immobilized cell cultures almost remained constant in the production phase. Hence, the resistance of cells to low pH was enhanced after immobilization.
Glucose was considerably consumed both in free and immobilized cell cultures in the growth phase, and continued to be consumed in the production phase (Fig. 4C) . However, glucose consumption was significantly enhanced in both cases after ISA. This finding indicated that the duration of the activity of the ε-PL-producing cells was significantly lengthened, resulting in more glucose conversion into ε-PL. Noticeably, ISA increased glucose utilization more effectively in the immobilized cells than in the free cells, probably signifying higher activity of immobilized cells.
With ISA, the ε-PL titer of free cells increased from 0.82 ± 0.08 g/l to 2.73 ± 0.26 g/l after 96 h of fermentation, and the immobilized cells yielded 3.64 ± 0.32 g/l, an increase from 0.54 ± 0.1 g/l (Fig. 4D ). Based on these data, the proposed combination of cell immobilization and ISA improved ε-PL production more significantly compared with the single technique, indicating the synergistic effect of the combination on ε-PL production. Such effect can be explained as follows. First, the removal of ε-PL probably decreased the viscosity of the culture broth, resulting in increased availability of dissolved oxygen and nutrients to the immobilized biomass, which was significantly higher than that obtained from free cell fermentation. A considerable decrease in resin toxicity to the cultures may be the second mechanism by which ε-PL production was improved because of the avoidance of direct contact between the cell and the resin. Most importantly, the ε-PL produced in the medium was immediately stripped via adsorption by the resin, resulting in the lack of product inhibition, which frequently limits the production of secondary metabolites.
Reusability of Loofah Sponge Immobilized Cells
A significant advantage of immobilization over free cells is that immobilized microbial cells can be repeatedly used under specified fermentation conditions. Therefore, the reusability of the loofah sponge-immobilized cells was tested. The potential of loofah sponge-immobilized S. ahygroscopicus GIM8 for ε-PL production in repeated batch operations is illustrated in Fig. 5 .
In the initial cultivation, ε-PL concentrations of 0.64 ± 0.12 and 2.13 ± 0.34 g/l were observed at 48 and 72 h of cultivation, respectively. At 96 h, a final concentration of 3.64 ± 0.32 g/l was reached. In reuse 1, because of the preexisting biomass that resulted in rapidly decreased culture broth pH to 4.0, faster initiation of ε-PL production and higher production levels were observed at 48 h (1.26 ± 0.13 g/l) and 72 h (2.46 ± 0.31 g/l), compared with the initial cultivation. However, the ε-PL final production of 3.17 ± 0.41 g/l at 96 h was lower than that of the initial cultivation (3.64 ± 0.32 g/l) at the same cultivation time, possibly due to the increased number of dead cells. In reuse 2, the production of ε-PL decreased considerably and only 1.24 ± 0.11 g/l was obtained at 96 h of cultivation. A sudden decrease in production from reuse 1 to reuse 2 may be mainly caused by the cell death and leakage of cells from the loofah sponge discs, resulting in fewer cells involved in ε-PL biosynthesis and increased viscosity of the culture broth.
The support material loofah sponge is a readily available, inexpensive, and renewable solid support [16] . The adsorbent D152 resin is easily regenerated for utilization, and immobilized cells can be repeatedly used. Hence, the combined process appears to be a practical approach for improving ε-PL production, and offers a novel alternative for ε-PL production. However, scale-up experiments from flask to fermentor are essential in future research.
